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I. INTRODUCTION
In recent years, magnetic materials with large magnetocaloric effect (MCE) have been extensively studied both experimentally and theoretically due to their great potential applications in magnetic refrigeration. 1, 2 This new cooling technology which is expected to supersede the conventional refrigeration technology based on gas-compression/expansion is of special interest because of its considerable economic benefits. 3, 4 Significant advances have been made in interpreting the magnetocaloric properties of materials. The Landau theory for phase transitions is applied to describe the MCE in ferromagnetic (FM) systems with magnetoelastic and magnetoelectronic couplings. 5, 6 Moreover, the meanfield theory has established direct relations between magnetic entropy change and magnetization. The theory of critical phenomena justifies the existence of a universal magnetocaloric behavior in materials presenting secondorder magnetic phase transitions. 7, 8 Thus, studies of critical exponents can supply valuable information about magnetic phase transitions.
Recently, a lot of research interest has been devoted to the MnCoGe material system for use as a magnetic refrigerant. 9, 10 This material system undergoes a second order magnetic phase transition as well as a crystallographic phase transition from the low temperature orthorhombic TiNiSi type to the high temperature hexagonal Ni 2 In type structure. 11 Although different properties of MnCoGe have been extensively investigated, more studies are desired to understand the intrinsic magnetic interactions. Recent investigations have revealed that an effective way of probing the magnetic interactions responsible for the magnetic transitions is by performing a critical exponent analysis in the vicinity of the FM-paramagnetic (PM) region. 12, 13 Thus, in an effort to understand the nature of the magnetic transition in Mn 0.96 Nb 0.04 CoGe, we performed a critical exponent study by using different methods.
In this paper, we study the magnetocaloric properties and critical behaviour of the Mn 0.96 Nb 0.04 CoGe alloy. For the understanding of the nature of magnetic transition in Mn 0.96 Nb 0.04 CoGe, we performed a critical exponent analysis in the vicinity of the (FM)-(PM) region, where the critical exponents b, c, and d have been obtained reliably by different analytical methods. 12, 13 It is found that the magnetic behavior of Mn 0.96 Nb 0.04 CoGe alloy is close to the theoretical prediction of the mean-field model. Apart from a slight decrease in b and increase in c as well as slight increase in d, the deduced critical exponents are very close to the theoretical values of mean-field model, indicating the existence of a long-range interactions dominate the critical behavior around T C .
Consequently 
II. EXPERIMENTAL DETAILS
An ingot of polycrystalline Mn 0.96 Nb 0.04 CoGe was prepared by arc melting the appropriate amounts of Mn (99.9%), Nb (99.999%) powder, Co (99.9%), and Ge (99.999%) chips in an argon atmosphere. During arc melting, a 5% excess Mn over the stoichiometric amount was added to compensate the weight loss of Mn. The polycrystalline ingot was melted several times to achieve good homogeneity. The ingot was then wrapped in tantalum foil, sealed in a quartz ampoule, and subsequently annealed at 850 C for 120 h and then quenched in water at room temperature. The magnetization measurements were carried out using the vibration sample magnetometer option of a Quantum Design 14 T Physical Property Measurement System.
III. RESULT AND DISCUSSION
The temperature dependence [200 K to 340 K] of the magnetization M(T) of the Mn 0.96 Nb 0.04 CoGe alloy measured in a magnetic field of 100 Oe is shown in Figure 1 (a). All these data were taken in the warming run after zero-field cooling (ZFC), followed by field cooling (FC). The M(T) curve exhibits a sharp FM-PM phase transition. The Curie temperature (T C ), defined by the minimum in dM/dT, has been determined to be T C ¼ 269 K (the inset of Figure 1(a) ). The magnetic entropy change, ÀDS M , of materials with second order transitions can be calculated reliably using the Maxwell relation.
14 Figure 1(b) shows the variation of ÀDS M with temperature for the Mn 0.96 Nb 0.04 CoGe alloy. The maxima in the ÀDS M versus T curves are found to be in the vicinity of T c and is about À2.95 J kg À1 K À1 for a magnetic field change of 5 T, which is a bit less than that found for the undoped MnCoGe (À4.8 J kg À1 K À1 at 5 T). 9 Figure 1(c) shows the dependence of the magnetic entropy change on the parameter (H/T C ) 2/3 . Mean-field theory predicts that ÀDS M is proportional to (H/T C ) 2/3 in the vicinity of a second-order phase transition. 15 The linear fit to the data in Figure 1 (c) clearly demonstrates that the relationship DS M / (H/T C ) 2/3 is valid in the temperature region near T C for that system.
In order to further clarify the nature of the FM-PM phase transition, we performed an analysis of the critical behaviour near T C . We measured the isothermal magnetization versus applied field around the Curie temperature, as shown in Figure 2 (a). A plot of H/M versus M 2 , known as the standard Arrott plot, is shown in Figure 2 (b) for the temperatures in the vicinity of T C . According to the criterion proposed by Banerjee, 16 the order of magnetic transition can be determined from the slope of the isotherm plot. For the Mn 0.96 Nb 0.04 CoGe alloy, the positive slope of the H/M versus M 2 curves throughout the transition temperature indicates that the phase transition is second order. However, a close inspection of the Arrott plot reveals that not all of the curves are parallel to each other, indicating that the critical exponents of b ¼ 0.5 and c ¼ 1 are not satisfied. The scaling hypothesis postulates that a second-order magnetic phase transition near T C is characterized by a set of critical exponents, namely b, c, and d. 17 In this work, we have used different methods to investigate the critical behaviour of the Mn 0.96 Nb 0.04 CoGe alloy, namely, the modified Arrott plots (MAP) method, the Kouvel-Fisher (KF) method, critical isotherm analysis, and the Widom scaling relation method. The first method used to calculate the critical exponents is the MAP method, which is based on the Arrott-Noakes equation of state. 18 Quantitative fits are made to the Arrott plots using the following equations: 
Using Eq. (5) and the critical parameters b and c obtained using the MAPs and those obtained using the KF method, the deduced d values are 3.11 and 3.13, respectively. Thus, the Widom scaling relation has confirmed the reliability of the critical exponents deduced from the experimental data. The reliability of the calculated exponents b and c can be confirmed by using the scaling theory. In the critical region, according to the scaling theory, the magnetic equation of state can be written as where e is the reduced temperature (T-T C )/T C and f þ and f À are regular analytical functions above and below T C , respectively. Using b and c obtained from the Kouvel-Fisher method, the plots of M/e b versus H/e (bþc) as shown in Figure  3 (c) yield two universal curves, one for temperatures above T C and the other one for temperatures below T C , in agreement with the scaling theory. This, therefore, confirms that the obtained values of the critical components as well as the T C value are reliable and in agreement with the scaling hypothesis.
The mean field interaction model for long range ordering has theoretical critical exponents of b ¼ 0.5, c ¼ 1.0, and d ¼ 3.0. 7 The d, b, c values derived for the Mn 0.96 Nd 0.04 CoGe alloy are close to the mean field values, thus indicating that long range interactions dominate the critical behavior around T C for this compound. Thus, the critical behaviour analysis in the vicinity of T C determined that the magnetism of the Mn 0.96 Nb 0.04 CoGe alloy is governed by long range interactions, which is in agreement with the linear fit to the data in Figure 1(c) , which clearly demonstrates that the relationship
2/3 is valid around T C . It is also speculated that the competition between the localized Mn-Mn magnetic interactions should be responsible for the critical behavior in this system.
A general result issued from a mean-field theory reveals that the dependence of the magnetic entropy on the relative magnetization can be described as 22, 23 SðrÞ 
where N is the number of spins, J the spin values, k B the Boltzmann constant, r the relative magnetization 24 (r ¼ M/ (gl B JN)), and B J the Brillouin function for a given J value.
From a power expansion of Eq. (8), DS M is proportional to M 2 and, from the mean-field model, for small M values 22, 25 ÀSðrÞ
Furthermore, the compound has a spontaneous magnetization below T C (ferromagnetic state) and consequently the r ¼ 0 state is never attained. Explicitly, and considering only the first term of the expansion of Eq. (9), this corresponds to
which results in a shift of the isothermal DS M vs. M 2 plots in the ferromagnetic region, with a horizontal drift from the origin corresponding to the value of Values of the isothermal magnetic entropy change (ÀDS M ), taken from isothermal magnetization measurements, are used to estimate the spontaneous magnetization of Mn 0.96 Nb 0.04 CoGe using mean-field theory of entropy change. As discussed above, we have the basis to determine the spontaneous magnetization using the linear fits of the isothermal (ÀDS M ) vs. M 2 plots inside the ferromagnetic region. From magnetization and (ÀDS M ) data, plots of (ÀDS M ) vs. M 2 can be drawn as shown in Figure 4 
